The relationship of chronic lung disease, congestive heart failure and polycythemia has been examined in 32 subjects including "normal" and "abnormal" controls. The study revealed differences and similarities between cor pulmonale and other types of heart disease. The observations demonstrated a correlation between arterial oxygen tension, as calculated from oxygen content and oxygen capacity, and pulmonary artery pressure. Lowered renal clearance was present in all instances of congestive failure, irrespective of its etiology or of the resting level of cardiac output. It seemed from this preliminary study that bleeding a polycythemic subject with chronic lung disease uncovers a state of oxygen unsaturation that may reflect the conditions which originally led to the development of secondary polycythemia. The possible significance of "oxygen transport" and of altered blood fluidity on the mechanism of heart failure in chronic lung disease is discussed.
S EVERAL studies of cardiovascular function in subjects suffering from chronic LJ lung disease with or without congestive heart failure have been reported recently. '-6 It is generally assumed that patients with cor pulmonale have an elevated or high resting cardiac output,4' 6 that regardless of the state of failure, pulmonary artery pressures are elevated, and that arterial unsaturation may be present to an excessive degree. As in other types of heart failure, plasma volume is increased 6, 7 and renal blood flow is grossly impaired.7' 8, 9
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Drs. Lewis 874 polycythemia in such circumstances are obscure. The work to be described was undertaken in an attempt (1) to correlate cardiorespiratory, vascular and renal changes at rest and after exercise in subjects with chronic lung disease with and without polycythemia and with and without signs of congestive failure, and (2) to compare the findings made on these patients with those in normal subjects and in patients with heart failure due to other causes. MATERIAL Thirty-two subjects were studied. According to clinical findings they fell into five separate groups:
I. The normal group consisted of 10 nonhospitalized adult male volunteers 24 to 42 years of age (average 30.4) who were shown to be healthy subjects by physical examination and laboratory tests, including chest x-ray and electrocardiograms.
II. The "control cardiac" group consisted of six patients with heart disease of various etiologies. Their ages ranged from 21 to 75 years. All had been in clinical failure in the past and had responded to the usual hospital and outpatient treatment. Five of the six subjects had auricular fibrillation.
III. The "chronic lung disease" group consisted of five patients from 35 to 69 years of age, who had pulmonary fibrosis and emphysema of long standing but had not been in cardiac decompensation prior Circulation, Volume VI, December 1952 to the time of the studies. In cases 17, 18, 19 , and 21 of tables 1 and 2 there was severe emphysema, and patient 20 had saccular bronchiectasis of all lobes. One of these patients, case 17, was readmitted in congestive failure approximately one month after the studies were completed. This patient and subject 20 had significant polycythemia. Although these patients had not manifested evident congestive heart failure, the presence of heart disease secondary to chronic lung disease, though giving no symptoms at the time of the study, could not be ruled out. Indeed in the two polycythemic subjects there were electrocardiographic changes suggestive of right ventricular "strain."
IV. The six patients comprising the group of "cor pulmonale" with failure and with polycythemia ranged from 57 to 72 years of age. All had significant secondary polycythemia, and all had had heart failure in the past, and all had been treated in the hospital by the usual means of bed rest, oxygen, digitalis, low salt diet, and, in some cases, mercurial diuretics. Only case The diagnosis of cor pulmonale was based on (a) the presence of chronic lung disease, by history, physical examination, and chest x-ray; (b) right ventricular enlargement by x-ray and electrocardiogram, and (c) signs and symptoms of right sided heart failure. It was not possible to rule out the additional diagnosis of arteriosclerotic heart disease in the older subjects.
The clinical status of the three groups of cardiac patients (groups II, IV and V) was approximately the same at the time of the studies.
METHODS
Each subject was studied on two successive days. On the first morning renal clearance determinations were performed using para-aminohippurate and inulin.10' At least three urine collection periods were carried out on each patient and the average results were used.
Following the renal function test, total blood volume and circulating plasma volume were estimated using P32 for the former12 and T 1824 for the latter. The dye dilution curve was obtained by multiple sampling and the plasma dye concentration was determined by the use of a chromatographic column.?3 
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Avg. Oxygen Consumption All the patients with chronic lung disease showed somewhat higher values for pulmonary ventilation than the subjects composing the normal or the "cardiac control" group, but they were not able to increase their ventilation as well with exercise. In the group with chronic lung disease, cor pulmonale and polycythemia (group IV), the ventilation volume failed to return to the resting level 10 minutes after mild exertion. Irrespective of the presence of congestive failure and of polycythemia, all patients with chronic lung disease lacked the ability to increase their oxygen consumption on exercise in the normal manner (table 2) .
"Oxygen extraction" (milliliters oxygen consumed per liter ventilated) was relatively normal at rest in all five groups. All the patients with heart disease, as well as those with chronic lung disease, failed to increase their oxygen extraction even on mild exertion (table 2) . This is considered a sign of pulmonary inefficiency and it is of interest in this respect that oxygen extraction and its response to exercise was normal in four subjects with polycythemia vera.
Arterial Oxygen Saturation and Arteriovenous
Difference The arterial oxygen saturation and the calculated oxygen tension in the patients with cor pulmonale and in those with chronic lung disease alone was significantly lower than in those making up the normal or "cardiac control" groups (table 2). The arteriovenous difference was high in the "cardiac control" group and in patients with cor pulmonale and secondary polycythemia. The arteriovenous difference in the normal subjects, in patients with chronic lung disease, and in those forming the group with cor pulmonale without polycythemia was strikingly similar at rest and on exercise. In the "cardiac control" group and in the patients with heart disease and polycythemia, the per cent increase in arteriovenous difference on exertion was significantly greater than in the other groups. In the few cases of "cor pulmonale" without polycythemia there was observed an unusually low arterial oxygen content, which appeared to be out of proportion to the difference in the volume of packed red cells. The severe oxygen deficiency apparently characteristic of the group was also observed in subjects who were studied both at high and low levels of volume of packed red cells.
Cardiac Output
The average resting cardiac index fell within the normal range in all groups except the "control cardiacs." Higher than normal outputs were encountered in only two instances, one with and one without polycythemia (cases 18 and 23, table 2). Following mild exercise, cardiac output increased approximately 60 per cent in the normal group. Less than normal responses to exercise were characteristic for all other groups. This was particularly striking in the subjects with cor pulmonale and polycythemia. Three of the six patients of this group responded with a fall in output on exercise. The group with polycythemia was further characterized by a late rise in output in the postexercise period, which occurred in five of the six patients ( fig. 1 ). It appears from this group of patients that the cardiac response to exercise is particularly impaired when polycythemia is present.
COR IPULMONALE
Pressuares
Arterial pressures were normal in all patients of this series. The pulmonary artery pressure was elevated in all but the normal group; patients with evidence of congestive failure tended to have higher pressures than those with chronic lung disease alone. On exercise, the pulmonary artery pressures rose in all abnormal groups. The detailed relationship between arterial unsaturation, pulmonary disease, congestive failure, pulmonary artery and "pulmoHeart lWork "Right heart wtork" expressed inl kilogrammeters per minute per square meter of surface area66was signiifi(antly increased inl all groups wheni compared with normal Volunteers. The "cardiac control" group and the subjects with chroini( lung disease who had not beeni inl failure demonstrated a normal response to exercise anid differed from the normals only inl that the work load was somewhat increased, presumably on the basis of increased pulmonary resistance. Inl cor pulmonale with polycythemia, the work load continued to rise nary capillary" pressures will be the subject of a separate report' (fig. 2 ).
Pulmonary Resistance
The calculated "pulmonary resistance" was increased in subjects with chronic lung disease. This calculated value was still higher in the groups with lung disease that had been in con following exercise, which is a reflection of the peculiar behavior of the cardiac output in this group. When polycythemia was artificially corrected, the work load on the right heart nevertheless was high and increased remarkably on exertion. This appears to be the result of generally higher pulmonary resistance in this group ( fig. 3) . Left heart work, as illustrated in figure 3b, heart. In normal subjects, this figure is 5.5 at rest, indicating that the external work performance of the left ventricle is over five times as great as that of the right. With exercise, this figure falls, which indicates that the right heart work load is increased in greater proportion than the left. In the "cardiac control" of patients with chronic lung disease who had not been in congestive heart failure, and in subjects with polycythemia vera (not here reported) the clearance figures were essentially normal. The filtration fractions of the patients with heart disease were moderately elevated ( fig. 4) . Figure 4 emphasizes the essential simi- group and in subjects with chronic lung disease, this figure was lower than in the normals (3.03 and 3.23 respectively). In the patients with cor pulmonale, the figure was still further reduced, approaching unity and expressing a further increase in the external work load of the right heart compared with the left (fig. 3c ).
Renal Clearances
There was a significant reduction in the renal plasma flow and in glomerular filtration rate in the patients who had heart disease, irrespective of etiology, level of cardiac output, or polycythemia. On the other hand, in the group larity of the renal changes in all groups with heart disease.
Circulating Blood Volume Table 4 gives the average values for the socalled total circulating plasma volume. Plasma volumes were high in the "control cardiacs" and in the subjects that had been bled. They were lower, on the average, in the patients with significant polycythemia. The calculated total blood volume appeared to be high in all groups other than the normals. As expected, the figures for total blood volume using radioactive phosphorus were lower by about 15 figure 4 , the range of cardiac output and of renal plasma flow is plotted for the normal subjects and for the cardiac control group. Subjects with chronic lung disease or cor pulmonale are represented by individual points. It is seen that in only 3 of the 11 patients with cor pulmonale was the cardiac output slightly lowered; yet in all, the renal values were in the cardiac failure range.
3. Renal function may be expressed in terms of per cent of the circulating plasma volume flowing through the kidney per minute. In the subjects without heart disease, 23 per cent of the circulating plasma flowed through the kidney per minute. In this series, all subjects with heart disease demonstrated a sharp reduction in the volume flow, averaging 10 per cent irrespective of etiology or the presence of polycythemia.
Characteristics of the Groups
The four abnormal groups differed in several aspects from the group of normal volunteers. It is recognized (a) the small number of subjects examined precludes definitive statements and (b) that the volunteers cannot be considered a "true" control series, as the physical characteristics and the ages were not identical with those of the abnormal groups. The separation of the patients examined in this series into four different groups was made on clinical grounds, and it is likely that some overlapping occurred. Naturally the factors in patients with chronic lung disease leading to the development of polycythemia, and to the eventual onset of congestive failure, must be present for some time before these overt manifestations become evident.
The group designated as "cardiac controls" demonstrated a decreased cardiac output, mainly on the basis of an increased arteriovenous oxygen difference.2 23 The calculated external work performance of the left ventricle was somewhat decreased, while that of the right ventricle increased as pulmonary artery pressure rose. The glomerular filtration rate and renal plasma flow were decreased and the filtration fraction was high. The circulating 882 plasma volume was increased but the per cent of plasma flowing through the kidney was less than one-half the normal value. This group of patients who, with one exception, were not in failure at the time of the studies demonstrated all the findings of the low output group. These observations are in accord with those of Merrill and others.2 ' 23, 24 Subjects with chronic lung disease but without heart failure were characterized by moderate arterial unsaturation and a slightly increased ventilation rate. Cardiac output was normal and renal function was within the low normal range. The right heart work was increased in proportion to an observed increase in pulmonary artery pressure. It is likely that ventricle and increased right heart work, the latter caused by elevated pulmonary artery pressure. Renal function was depressed to a degree comparable to that observed in the "cardiac control" group. On the other hand, this group differed from the ordinary types of heart disease by the presence of marked arterial unsaturation and relatively normal resting cardiac output which, however, failed to increase with exercise. "Secondary" polycythemia was prominent in this group.
In the group of subjects in whom the polycythemia had been corrected, arterial unsaturation was usually more striking and pulmonary artery pressures in three subjects were higher than in the previous group. As the cardiac Since overt congestive failure must be considered only a late manifestation of an insufficiently functioning heart the transition from chronic lung disease to chronic lung disease with "cor pulmonale" is gradual and the presence or absence of right ventricular hypertrophy alone cannot be considered adequate for the diagnosis of cor pulmonale.
In the subjects with chronic lung disease who had been in heart failure and in whom the diagnosis of cor pulmonale was never in doubt, many features of the "cardiac control" group were encountered, namely, increased arteriovenous differences, particularly on exercise, decreased external work performed by the left output, on the whole, increased, the right heart work load rose excessively ( fig. 3a) .
Renal clearance values were similar to those found in the other heart failure groups. In spite of a reduction in red cell mass, a corresponding increase in circulating plasma volume presumably caused the total calculated circulating blood volume to remain unchanged. The differences between these two cor pulmonale groups are of considerable interest, since the severity of the lung disease did not appear to differ. DISCUSSION It seems apparent from the results presented that in our groups with chronic lung disease cardiac output was adequate though renal clearance was impaired once congestive failure 883 had occurred. The kidney appears to be a more sensitive indicator of cardiac efficiency than does cardiac output alone, at least when studied at rest and during moderate exercise. On the other hand, not reflected in relatively gross measurements of renal function are the obvious differences in vascular adjustments apparent when a "low output failure group" is compared with cases of "cor pulmonale" or at least with a group in whom impairment in pulmonary circulation is a predominant factor.
The finding of reduced renal plasma flow in cor pulmonale with essentially normal cardiac output and no obvious increase in the metabolic needs of these patients has been reported before.7' 8, 9Merrill24 related the lowered renal plasma flow to cardiac output and has postulated that a decreased cardiac output serves as a stimulus for a decrease in renal blood flow. In our series of patients with heart failure secondary to lung disease, the resting outputs were normal, but it is admitted that in several subjects with polycythemia the output rose inadequately on minor exercise. It may be argued that, in those patients, the average output during daily activities is still below normal and is inadequate to meet body needs. On the other hand, renal function was equally disturbed in those patients in whom polyeythemia had been corrected by bleeding, and who demonstrated an essentially normal cardiac output and exercise response. It is possible therefore, that in eor pulmonale the level of cardiac output is not the sole factor controlling renal blood flow.
The primary difference between patients with heart failure on the basis of predominant cor pulmonale and subjects with congestive failure of the "low output" type is of course the presence of low arterial oxygen content with a low partial pressure of oxygen in the arterial blood. If cardiac output is correlated with arterial oxygen content, a figure can be obtained which expresses in milliliters the oxygen transported per minute. (Oxygen transport per minute per square meter of body surface equals arterial oxygen in volumes per 100 ml. X 10 X cardiac index.) This product should be the same whether cardiac output is low and arterial oxygen is normal ("low output" group), or cardiac output is normal and arterial oxygen is low (cor pulmonale). Therefore, oxygen transport figures (oxygen delivered) should be similar in all types of congestive failure where the metabolic needs of the body have not been increased. In the normal volunteers and in the subjects with chronic lung disease, but without heart disease, "oxygen transport" was calculated as being 597 and 574 ml. per minute per square meter of body surface, respectively, as compared with 329, 420 and 326 in the three groups in which heart failure had occurred. The oxygen supply to the tissues is dependent on the partial pressure of oxygen prevailing at the exchange site and the amount offered per unit of time. This in turn depends on the flow of blood to the tissues as governed by the vascular lumen and the amount of oxygen carried by the blood, the oxygen transport. It is tempting to speculate that "oxygen transport" rather than cardiac output per se or arterial saturation per se which is known not to influence renal clearances, at least during short periods of anoxia,i" may serve as a factor in controlling renal plasma flow in congestive failure of various kinds.
The low values of arterial oxygen content, here associated with lowered oxygen tension, correlate with high pulmonary artery pressures. This inverse relationship has been observed by several groups and was noted in subjects during breathing of 100 per cent oxygen, whether they were polyeythemic or not or whether they were suffering from lung disease or not.21 In subjects who had been bled (group V) the arterial saturation was unchanged or tended to be at lower levels than in the group that was examined while polycythemic. If arterial saturation is lower, pulmonary artery pressure will be higher and the load on the right ventricle greater ( fig. 3a) , and this in the face of an obviously decreased oxygen supply to the heart. These preliminary observations on patients with chronic lung disease, heart failure and polycythemia throw doubt on the wisdom of phlebotomizing moderately polycythemic subjects in whom the factor of viscosity is not of primary importance. It Blood flow through an area is dependent on cardiac output ("perfusion pressure"), the caliber of the vascular bed ("hindrance") and the specific physical properties of the blood which determine its behavior during pulsatile flow ("viscosity"). The estimation of "resistance" and "work" now frequently used in conjunction with direct determination of vascular pressures and blood flow in human subjects must take into account resistance offered by the shearing forces existing between blood and blood vessels, commonly expressed as "viscosity," or its reciprocal "fluidity." These in turn depend on the size of the vessel, the behavior of the suspension of cells in plasma at determined flow rates, the rate of flow itself, and the character of the flowwhether streamlined or turbulent.
The hemodynamic properties of the blood in the major part of the circulation are those characteristic of "pseudoplastic" fluids which flow even when the smallest pressure is applied and increase their flow rates disproportionally faster as the propelling force increases.33 At least in larger vessels blood will flow at extremely low cardiac output and as the output rises its flow will increase to a far greater degree than if water or plasma were the sole circulating substances.
It is characteristic for pseudoplastic fluids to exhibit high viscosity at slow rates of flow and low viscosity at rapid flow so that it may be argued that the influence of viscosity will be greater in subjects in heart failure with low outputs and delayed circulation times than in those with high cardiac outputs and rapid circulation. Increase in resistance, such as observed in the pulmonary vascular bed in anoxic states, increases relative viscosity of blood considerably. 34 Changes in cardiac output and changes in pulmonary vascular "tone" occasioned by different degrees of arterial oxygen saturation at rest and at exercise and at various volumes of red cells will independently influence blood viscosity and this in turn will alter total pulmonary resistance and right ventricular work load and work performance in an as yet unpredictable manner.
It is agreed that an increased cell concentration raises the "apparent" viscosity of the blood when measured by comparing rates of blood flow with that of water or saline in rigid glass tubes35 or in isolated vascular regions.36 Recent observations seem to indicate that the changes are almost linear at physiologic perfusion pressures.33 These observations, however, afford no means by which the influence of polycythemic blood on cardiac load in vivo can be estimated. However, it may be argued that the actual differences in workloads between subjects with and without polycythemia may be less than presented here, although from available evidence34' 35 the influence of viscosity may not be large enough to invalidate the statements made. SUMMARY 1. In 32 subjects observations were made on cardiac output, vascular pressures, plasma and total blood volume, and renal clearance. For the purpose of further analysis, the subjects were separated into five clinical groups: (1) normal volunteers, (2) "cardiac controls," (3) patients with chronic lung disease not in heart failure, (4) patients with chronic lung disease and polycythemia who had been in congestive 885 COR PULMONALE failure in the past (cor pulmonale), and (5) patients with chronic lung disease and cor pulmonale in whom secondary polycythemia was absent at the time of the study.
2. In the subjects with heart failure secondary to chronic lung disease cardiac output at rest fell within the normal range but renal function was impaired and the filtration fraction was elevated.
3. The patients with cor pulmonale and polycythemia lacked the ability to increase cardiac output adequately on exercise. This appeared partially corrected in the nonpolycythemia group, almost all of whom had been bled. Renal clearance remained unchanged, however, and the pulmonary artery pressure of three nonpolycythemic subjects with cor pulmonale was excessively high.
4. In the group with cor pulmonale where polycythemia had been corrected, arterial unsaturation was more severe and pulmonary artery pressure higher than in polycythemic subjects. Since the cardiac output rose, this indicated that the calculated external work performance of the right ventricle was sharply increased. 5. It is postulated that this stage of severe arterial unsaturation with low oxygen tension of arterial, mixed venous and bone marrow blood and with an excessive load on the right ventricle represents a state of chronic lung disease which leads to the development of (a) polycythemia and (b) right ventricular failure. Polycythemia and heart failure show a positive correlation but one is not necessarily dependent on the other and either one or both may develop as the result of severe chronic pulmonary vascular disease.
6. Alterations in cardiac output alone do not necessarily represent the only means by which renal function is decreased in heart failure. In subjects with cor pulmonale, oxygen delivered, expressed as the product of arterial saturation and cardiac output ("oxygen transport"), may be another determining factor.
7. Removal of blood in patients with "secondary" polycythemia and chronic lung disease may increase cardiac output but it would seem to further impair certain cardiovascular adjustments and occasionally results in severe oxygen deficiency.
8. The possible influence of certain rheological properties of the blood (viscosity) on peripheral and pulmonary "resistance" and on cardiac "work load" is disckussed.
